We report the synthesis of h-magnetite, ideally h-Fe 3 O 4 with considerable amounts of substitutional cations (Cr, Mg, Al, Si) and quenchable to ambient conditions. Two types of experiments were performed at 18 GPa and 1800 °C in a multi-anvil press. In one, we used an oxide mixture with a majoritic stoichiometry Mg . In the second type of experiment (MA-376), we started from an oxide mixture on the composition of the Fe-oxide phase obtained in MA-367. The Fe-oxide phases of both experiments were investigated by electron microprobe and transmission electron microscopy including electron diffraction tomography. Our investigations show that the Fe-oxide phases crystallize in the structure-type of h-magnetite. However, electron diffraction data show that keeping the cell setting from literature, this phase crystallizes in space group Amam and not in space group Bbmm as previously proposed. In the experiment MA-367, the Fe-oxide phase are mutually intergrown with majorite, the major phase of the run products. The formula for h-magnetite in this run was calculated as Fe1 and traces of nearly pure endmember wadsleyite and stishovite. Our results indicate that the substitution of 20 to 30% of Fe (0.7 to 0.9 atoms per formula unit) by smaller cations favored the preservation of the high-pressure form to ambient conditions. We prove that the h-magnetite-type oxide is also stable in chemical systems more complex than Fe-O. Based on our results, which were obtained at 18 GPa and 1800 °C in a system (MA-367) that is closely related to Fe-enriched oceanic lithospheric material, we suggest that a Fe 3 O 4 -rich phase may be present in environments connected to deeply subducted slabs and possibly associated with deep carbonatitic melting. Our observations show that Cr strongly partitions in the oxide phase such that the coexisting silicates are depleted in Cr compared to Fe 3 O 4 -free assemblages. This may significantly affect the chemical signature of melts produced in the deep mantle.
abStract
We report the synthesis of h-magnetite, ideally h-Fe 3 O 4 with considerable amounts of substitutional cations (Cr, Mg, Al, Si) and quenchable to ambient conditions. Two types of experiments were performed at 18 GPa and 1800 °C in a multi-anvil press. In one, we used an oxide mixture with a majoritic stoichiometry Mg 1.8 Fe 1.2 (Al 1.4 Cr 0.2 Si 0.2 Mg 0.2 )Si 3 O 12 , with Si and Mg in excess as starting material . In the second type of experiment (MA-376), we started from an oxide mixture on the composition of the Fe-oxide phase obtained in MA-367. The Fe-oxide phases of both experiments were investigated by electron microprobe and transmission electron microscopy including electron diffraction tomography. Our investigations show that the Fe-oxide phases crystallize in the structure-type of h-magnetite. However, electron diffraction data show that keeping the cell setting from literature, this phase crystallizes in space group Amam and not in space group Bbmm as previously proposed. In the experiment MA-367, the Fe-oxide phase are mutually intergrown with majorite, the major phase of the run products. The formula for h-magnetite in this run was calculated as Fe1 4 and traces of nearly pure endmember wadsleyite and stishovite. Our results indicate that the substitution of 20 to 30% of Fe (0.7 to 0.9 atoms per formula unit) by smaller cations favored the preservation of the high-pressure form to ambient conditions. We prove that the h-magnetite-type oxide is also stable in chemical systems more complex than Fe-O. Based on our results, which were obtained at 18 GPa and 1800 °C in a system (MA-367) that is closely related to Fe-enriched oceanic lithospheric material, we suggest that a Fe 3 O 4 -rich phase may be present in environments connected to deeply subducted slabs and possibly associated with deep carbonatitic melting. Our observations show that Cr strongly partitions in the oxide phase such that the coexisting silicates are depleted in Cr compared to Fe 3 O 4 -free assemblages. This may significantly affect the chemical signature of melts produced in the deep mantle.
Keywords: Fe-oxide, h-Fe 3 O 4 , high pressure, electron transmission microscopy, electron diffraction tomography, electron energy-loss spectroscopy, electron microprobe analyses, crystal chemistry introDuction The discovery of the high-pressure Fe-oxide Fe 4 O 5 (Lavina et al. 2011) revealed that the Fe-oxide phase relations, especially at high pressures, are still poorly understood. Under ambient conditions, the Fe-oxides FeO (wüstite), Fe 3 O 4 (magnetite), and Fe 2 O 3 (hematite) are stable and form complex defect structures. Stoichiometric FeO is very difficult to synthesize-wüstite chemical composition is more realistically written as Fe 1-x O (Hazen and Jeanloz 1984) . It crystallizes in the cubic NaCl-type structure and forms a solid-solution series with MgO (periclase). Magnetite is a cubic inverse-spinel-type ferrite whose unit cell contains eight Fe 3+ in the tetrahedral sites, and a "uniform,"
mixed-valence occupancy of 8 Fe 2+ + 8 Fe 3+ in the octahedral sites. Common impurities in natural magnetite are traces of Mg, Zn, Mn, Ni, Cr, Ti, and V (Bowles et al. 2011) . Fe 2 O 3 occurs in different modifications, with hematite (α-Fe 2 O 3 ) as the most prominent one. Hematite is known to incorporate traces of Ti, Al, and Mn (Bowles et al. 2011) .
All three Fe-oxides show non-quenchable, pressure-induced phase transitions. According to Ono et al. (2004) hematite transforms at 30 GPa and 1800-2200 °C into a perovskite-type structure. Wüstite at ambient temperature transforms at pressure above 17 GPa into a rhombohedral or monoclinic polymorph (Zou et al. 1980; Shu et al. 1998; Fei 1996; Kantor et al. 2008; Fisher et al. 2011) and to a NiAs-type polymorph at pressures above 60 GPa and high temperatures (e.g., Fei and Mao 1994; Kondo et al. 2004 ).
The phase diagram of Fe 3 O 4 is still controversial. According to Pasternak et al. (1994) , cubic inverse-spinel magnetite transforms at P > 25 GPa and room temperature to a monoclinic high-pressure phase. Dubrovinsky et al. (2003) and Lazor et al. (2004) propose P > 19 GPa as pressure for the transition of magnetite to h-magnetite at room temperature. In a Mössbauer and X-ray diffraction study, Rozenberg et al. (2007) reported a pressure-induced transformation of inverse magnetite to normalspinel magnetite at 8 GPa. However, Glazyrin et al. (2012) did not observe for magnetite the inverse to normal spinel transition nor the transformation to h-Fe 3 O 4 at pressures up to 21 GPa. On the other side Bengtson et al. (2013) predict in a theoretical ab initio study a phase transition from inverse-spinel magnetite to h-Fe 3 O 4 at 10 GPa. According to them there is no inverse-to normal-spinel transition in magnetite.
The symmetry of h-magnetite, initially interpreted as monoclinic (Pasternak et al. 1994 ) has also been subject of controversy. In a synchrotron X-ray diffraction study, Fei et al. (1999) found that h-Fe 3 O 4 is not monoclinic but isotypic with CaMn 2 O 4 (space group Pbcm), with all Fe 3+ ions in octahedral sites and Fe 2+ in eightfold-coordinated sites, which are described as bicapped trigonal prisms. Haavik et al. (2000) pointed out that their X-ray data were also consistent with the CaTi 2 O 4 structure-type (space group Bbmm). Space group Bbmm for the h-Fe 3 O 4 structure has been confirmed by Lazor et al. (2004) , Dubrovinsky et al. (2003) , and Bengtson et al. (2013) . Dubrovinsky et al. (2003) suggest that Fe 2+ occupies trigonal prism (Fe1) with an average Fe1-O distance of 2.058 Å and that Fe 3+ occupies octahedra (Fe2) with average Fe2-O distance of 1.961 Å.
The high-pressure Fe-oxide, Fe 4 O 5 is stable from 5 to at least 30 GPa, and is recoverable to ambient conditions (Lavina et al. (2011) . They synthesized Fe 4 O 5 in a pure Fe-O system, using mixtures of Fe and Fe 3 O 4 as starting material, at P = 10 and 20 GPa, and T between 1227 and 1927 °C and refined the structure as isostructural with CaFe 3 O 5 (space group Cmcm). In the proposed structure, the atomic arrangement consists of two non-equivalent, edge-sharing FeO 6 octahedra (Fe1 and Fe2), which form layers perpendicular to the c-axis, alternating with layers of face-sharing trigonal prisms (Fe3). Thus, the structure is very similar to h-Fe 3 O 4 . Lavina et al. (2011) octahedral layers may occur. In an in situ high-pressure X-ray diffraction study, Woodland et al. (2012) observed that cubic magnetite breaks down to a mixture of hematite and Fe 4 O 5 between 9.5 to 11 GPa and 700 to 1400 °C, in disagreement with Schollenbruch et al. (2011) who observe an isochemical transition to h-magnetite in the same pressure and temperature regime. Woodland et al. (2012) suggested that the two coexisting phases, hematite and Fe 4 O 5 , recombine at higher pressures to form h-Fe 3 O 4 . Woodland et al. (2013) . Until now, h-Fe 3 O 4 has been investigated only as a pure Feoxide and it has never been recovered at ambient conditions. There is no information about Fe 3+ /ΣFe tot ratio and possible incorporation of cations other than iron. Here, we report crystal chemical and structural data of this high-pressure Fe-oxide synthesized at 18 GPa and 1800 °C using: (1) an oxide mixture with a SiO 2 concentration close to that of the bulk silicate Earth (O'Neill and Palme 1998) and (2) a Fe-dominated oxide mixture plus Cr-, Mg-, and Si-oxides. Surprisingly, the structure was quenchable in both types of experiments to ambient conditions, which allowed us to collect precise electron diffraction data by automated electron diffraction tomography (ADT). With this technique, we were able to deliver crystallographic information for single nanocrystalline domains in a polyphasic mixture. We observe that h-magnetite coexisting with the silicates is strongly enriched in Cr, and we speculate on the effects that such partitioning might impose on the concentration of Cr in the coexisting silicates and in melts produced in the deep mantle.
experiMental MethoDS

Synthesis
We performed three multi-anvil runs with a 10/5 assembly, rhenium heater, and type C thermocouples at P = 18 GPa and T = 1800 °C for 6 h. Two experiments, MA-367 and MA-380, used a homogenous oxide mixture with 44.6 wt% SiO 2 , 19.3 wt% MgO (annealed at 1200 °C), 15.7 wt% FeO, 17.1 wt% Al 2 O 3 , and 3.3 wt% Cr 2 O 3 placed in Fe-doped Pt-capsules (about 3 wt% Fe) to reduce the potential loss of Fe (e.g., Grove 1981) . In these two runs we produced assemblages with majorite as the major phase and three additional minor phases: stishovite, magnesite, and a Fe-oxide with the composition given in Table 1 . We intentionally did not remove traces of adsorbed water or CO 2 in the starting materials as this may have served as a flux to enhance the growth of large crystals. The presence of CO 2 and water explains the formation of traces of magnesite in the run products and goethite as alteration product during quenching (see below). To achieve large crystals in the second run (MA-380), the temperature of 1800 °C was cycled by 20 °C for the first 30 min of the run duration. The starting material of the third run was a homogenous oxide mixture with 42 wt% FeO, At the end of all runs temperature was quenched to ambient conditions within 2 min, and the decompression time was 43 h to avoid breakage of the WC cubes. The 10/5 assembly was calibrated using the following phase transitions: coesite-stishovite (Akaogi et al. 1995) , α-β Mg 2 SiO 4 (Morishima et al. 1994 ), β-γ Mg 2 SiO 4 (Inoue et al. 2006) , enstatite-β Mg 2 SiO 4 -stishovite (Gasparik 1989) . All the syntheses were performed at the high-pressure laboratory of the German Research Centre for Geosciences (GFZ) in Potsdam.
Electron microprobe analyses
Multi-phase aggregates of products from all three experiments were embedded in epoxy and polished for the electron microprobe (EMP) measurements. The chemical composition of the phases was determined by wavelength-dispersive X-ray analysis (WDS) techniques using a JEOL JXA-8500F (HYPERPROBE) electron microprobe at the GFZ in Potsdam. The analytical conditions included an acceleration voltage of 15 kV, a beam current of 20 nA, and a beam diameter of 1 μm. The following natural and synthetic standards were used (with the respective element and peak counting time listed in parentheses): diopside (for Mg; 40 s, Si; 40 s, Ca; 40 s), hematite (for Fe; 40 s) and Cr 2 O 3 (for Cr; 40 s). The background counting times were always set to half of the respective peak counting times. The CITZAF routine in the JEOL software was used for data processing. Element distribution maps were produced in WDS mode using an accelerating voltage of 15 kV and a beam current of 20 nA. We accumulated a 500 × 400 pixel frame with a step size of 0.5 μm and a dwell time of 200 ms per pixel in stage-scanning mode. We could not obtain satisfactory analyses of magnesite, which was instead identified by Raman spectroscopy (Supplemental Fig. 1 1 ), because it was not stable under the electron beam.
X-ray diffraction
X-ray diffraction patterns of compact multi-phase aggregates of the run products MA-367 and MA-376 about 100 μm in size were collected using a Rigaku R/AXIS200 SPIDER diffractometer operating at 40 kV and 30 mA at GFZ. The samples were mounted on CryoLoops (Hampton Research), and the loops were placed into a goniometer. During data acquisition the goniometer holding the sample was rotated continuously at a speed of 2° per s over 360°. A rotating Cu anode served as the X-ray photon source. The detection system consists of a cylindrically shaped image plate, which reads out the diffracted radiation in a 2θ range of -60 to 144° in horizontal and ±45° in vertical direction. LeBail refinement was done using the GSAS software package (Larson and Von Dreele 1998) . Starting values for the refinements were the fractional atomic coordinates and lattice parameters for majorite, stishovite, and magnesite taken from the ICSD database (Belsky et al. 2002) , the inorganic structure database. For h-Fe 3 O 4 we used the results obtained from our automated electron diffraction tomography analyses (ADT).
Powder XRD patterns for MA-376 were also recorded in transmission using a STOE STADI P diffractometer (CuKα 1 radiation), equipped with a primary monochromator and a 7° wide position sensitive detector at the GFZ Potsdam. A part of the run product was ground to a final grain size of about 5 μm, diluted with Elmer's white glue and spread on a circular amorphous foil. The foil was placed into a transmission sample holder and covered with a second foil. Intensities were recorded in the range of 2Θ from 9 to 125° with a detector step size of 0.1° and a resolution of 0.02°. A 1 mm thick Al-foil was placed in front of the detector to reduce fluorescence radiation in the Fe-rich sample. Counting time was selected to yield a maximum intensity of 5000 counts. Unit cell was refined using the GSAS software package for LeBail refinements (Larson and Von Dreele 1998) . Starting values for the refinements were the fractional atomic coordinates and lattice constants for h-Fe 3 O 4 from our ADT analyses.
Transmission electron microscopy
Electron-transparent foils of sample MA-367 and MA-376 for transmission electron microscopy (TEM) were prepared at the TEM Laboratory of the GFZ by a focused ion beam (FIB) milling technique (Wirth 2009 ). Foils with the dimensions 15 × 10 × 0.150 μm 3 were cut with a FEI FIB200TEM device using Ga-ions accelerated to 30 keV from the polished section of the sample on spots that were identified as Fe-oxide.
Automated electron diffraction tomography (ADT) was carried out with a FEI TECNAI F30 ST transmission electron microscope operating at 300 kV at the Johannes Gutenberg-Universität in Mainz. ADT has already been used for the structure characterization of high-pressure experimental products, like the hydrous Al-bearing pyroxene HAPY (Gemmi et al. 2011) . We investigated both, FIB foils from MA-367 and MA-376 and micrometric grains (μ-crystals) selected with a micromanipulator. Samples were deposited on carbon-coated copper grids. In total nine ADT data sets were collected from MA-367 (four sets from μ-crystals and five sets from different areas of the FIB foil) and eight ADT data sets were collected from sample MA-376 (three sets from μ-crystals and five sets from different areas of the same FIB foil).
ADT was carried out using the automatic module described in Kolb et al. (2007) . Each ADT data collection was performed in tilt steps of 1°, for total tilt ranges of 90-120°. Electron diffraction patterns were acquired in nano-beam electron diffraction (NED) mode, with a quasi-parallel illumination obtained using a condenser aperture (C2) of 10 μm. The beam on the sample had a diameter of 70 nm. Crystal position was tracked after each tilt step in μ-probe scanning transmission electron microscopy (μ-STEM) mode. Data sets were collected both with and without precession of the beam [precession electron diffraction, PED, for details see Vincent and Midgley (1994) ; Mugnaioli et al. (2009)] . Data sets without precession were used for accurate cell parameter determination, while data sets with precession were used for reflection intensity extraction.
ADT data were analyzed using the ADT3D software (Kolb et al. 2008 Mugnaioli et al. 2009; Schlitt et al. 2012) , including three-dimensional diffraction reconstruction and visualization, cell determination, and reflection intensity integration. Ab initio structure solution was performed by direct methods using SIR2011 (Burla et al. 2012) .
Conventional in-zone electron diffraction patterns were recorded on the FIB-foils in a Tecnai F20-X-Twin microscope with a field emission gun as the electron source at the TEM Laboratory of the GFZ in Potsdam. The TEM is equipped with a Gatan imaging filter (GIF Tridiem), a Fishione high-angle annular dark-field detector (HAADF), and an EDAX X-ray analyzer. Energy-dispersive spectra were collected for 30 s on different spots of the sample to identify the phase of interest and to ensure that the additional elements are intrinsic to the Fe-oxide. Electron diffraction patterns were recorded from these sites with image plates. Fe 3+ concentration was determined with electron energy-loss spectroscopy (EELS), applying the technique described by Van Aken and Liebscher (2002) . Spectra were acquired in the diffraction mode with a camera length of 700 mm. Convergence angle was 2 mrad, and the collection angle at the camera length used was 10 mrad with a GIF entrance aperture of 2 mm. Dispersion was 0.1 eV/channel. The energy resolution of the filter was 0.9 eV at full-width at half maximum of the zero loss peak.
FTIR spectroscopy
To check for the presence of intrinsic OH, IR spectra were taken at the FTIR Laboratory to the GFZ on single crystals of majorite and multiphase aggregates containing the Fe-oxide from run MA-380. Spectra were recorded on a Bruker Vertex 80v FTIR spectrometer, equipped with a Globar light source, a KBr beamsplitter and a Hyperion microscope using Cassegrainian objective and an InSb detector. Spectra were taken with aperture sizes depending on the crystal and aggregate size from 50 × 50 to 50 × 100 μm 2 and a resolution of 2 cm -1 . Spectra were averaged over 256 scans.
reSultS
Optical analyses of the products of MA-367 in transmitted light revealed that the major phase is a yellowish, isometric phase up to 30 μm in diameter, identified later as majorite, accompanied by an opaque phase, often appearing as elongated aggregates with 10 to 30 μm long and later identified as h-Fe 3 O 4 . In addition, we identified two additional colorless phases, stishovite and magnesite, of the same small size. The same phases were also identified in the second run MA-380. In the latter, the majorite crystals were on average much larger than in sample MA-367 (up to 100 μm). Obviously, T-cycling of the run produced larger single crystals of the garnet phase. Optical examination of the products of MA-376 in transmitted light revealed that it is completely opaque powder. (based on six analyses) . The presence of ferroan magnesite as an impurity has been confirmed by Raman spectroscopy (the Raman peaks are shifted to lower wavenumbers compared to the pure magnesite end-member, thus confirming Fe-Mg substitution; Supplemental Fig. 1   1 ). Electron microprobe analyses further revealed that the run products of MA-380 consist of Mg-rich majorite, nearly pure stishovite (Si 0.98 Al 0.02 )O 2 , and a Cr-, Mg-, Al-, and Si-containing Fe-oxide (Fig. 1 b) . The crystal size of the Fe-oxide phase in the polished section of run MA-380 was too small to obtain sufficiently good chemical analyses, and the oxide sums are always approximately around 90%.
Electron microprobe analyses
Electron microprobe analyses revealed that the product of run MA-376 consist of three phases: the major phase is a Cr-, Al-, Si-, and Mg-containing Fe-oxide and in addition traces of stishovite and nearly pure Mg-end-member wadsleyite (Fig.  1d) . The compositionof the Fe-oxide phase present in MA-376 is slightly different with respect to that in MA-367 as it does not a.
b. X-ray diffraction and transmission electron microscopy analyses MA-367. We collected X-ray diffraction patterns on several aggregates of MA-367 using the Rigaku diffractometer and could identify majorite as the major phase plus stishovite plus magnesite. Some patterns showed weak reflections at about 2Θ Cu 33.2°, 33.8°, and 37.5-37.6° (listed by decreasing intensity) that could not be explained either with the phases mentioned above or with other known oxide phases. Therefore the Fe-oxide phase of the sample was further investigated using automated electron diffraction tomography. ADT data revealed that the sample MA-367 contains two different Fe-oxide phases, which we call α-phase and β-phase for simplicity. The α-phase is always predominant compared to the β-phase. Data acquired from μ-crystals show that the two phases usually appear together and that the diffraction images contain strong signals of the α-phase in addition to weaker signals from the β-phase. However, in the FIB foils it was possible to recognize areas where the two phases are clearly separated and in these areas it was possible to acquire ADT data from each of them. Figure 2 shows a highangle annular dark-field image (HAAD) image (camera length 330 mm) of a FIB foil cut from a Fe-oxide grain of this sample. Fe-oxide grains consist of coherent areas of α-phase, separated by planar deformation features filled with the β-phase.
ADT structure analysis of the α-phase. Detailed analyses of the ADT data sets of sample MA-367 revealed that the α-phase crystallizes in the h-magnetite structure [Haavik et al. (2000) in situ X-ray powder diffraction (XRPD) at P > 22 GPa]. This was a surprise because h-magnetite is known to be unquenchable to ambient condition. All ADT data sets taken on the α-phase were consistent with an orthorhombic cell with parameters a = 9.8(2), b = 9.6(2), c = 2.87(6) Å (Figs. 3a and 3b) . These values are close to the cell parameters determined for h-Fe 3 O 4 by Haavik et al. (2000) on the basis of XRPD. The analysis of the threedimensional reconstructed diffraction volumes revealed always the presence of two main extinction rules: hkl : k + l = 2n and h0l : h = 2n, consistent with space groups Amam, Ama2, and A2 1 am (Table 2 ). These extinction rules are not consistent with Haavik's space group Bbmm. Amam and Bbmm are both not conventional settings of space group Cmcm (63), but represent physically different objects when the cell parameter setting is fixed (in our case a = "long,", b = "medium," c = "short"). The difference between our ADT and Haavik's findings can be reconciled exchanging the a and b parameter. There are two possible explanations for this difference: (1) there is a real structural modification related with the introduction of Mg and Cr and/or the quenching of the material, and (2) there is an error in the determination of cell parameters or extinctions either by ADT or XRPD data. We point out that, despite the high error (2%) related with a single ADT cell determination , the evidence that a is always longer than b and that the presence of extinctions consistent with space group Amam were always confirmed by all the independent ADT acquisitions. On the other hand, in presence of close a and b cell parameters and low quality XRPD data [as the ones available by Haavik et al. (2000) ], it is not trivial to discriminate between space groups Amam and Bbmm. For a matter of clarity, we report in Table  2 the extinction rules associated with these two space groups. Swapping a and b axes, the two space groups can be exchanged. According with the orthorhombic setting, reflection intensi- ties were integrated for the two best ADT acquisition series, both performed with beam precession (Mugnaioli et al. 2009 ). Experimental details are given in Table 3 . Ab initio structure solution was performed independently for the two data sets by direct methods implemented in SIR2011 (Burla et al. 2012) , using scattering factors for electrons (Doyle and Turner 1968) and kinematic approximation (I hkl proportional to F 2 hkl ). Structure solution converged in space group Amam. Only the solution automatically picked by the SIR2011, i.e., the one with the lowest residual, was considered. The resulting potential maps (Table  4) show two strong maxima followed by three weaker maxima. The first two positions were interpreted as iron and the following three as oxygen atoms. In spite of the different space group, the structure achieved by ADT is in fact very close to the one refined by XRPD (Haavik et al. 2000) . The structure was subsequently refined by least-squares using SHELX97 (Sheldrick a.
b.
c. d. Both phases have related crystallographic orientations. Extinctions with rule hkl : k + l = 2n are recognizable for the a-phase in panels a and c. We stress that these are projections of three-dimensional diffraction volumes, and the extinctions visible in panels a and c involve full columns of reflections along h00.
2008) including partial occupancy of iron/magnesium and iron/ chromium in the octahedral sites (CIF file available 1 ). Only soft "SADI" restraints (σ = 0.05 Å) were applied to Fe-O distances, independently for each Fe atom. The model obtained ab initio remains stable upon refinement with SHELXL but the refinement does not converge better than to R1 all = 33.83% (Table  3) . Structure residuals and GooF are high when compared with X-ray diffraction, but typical for electron diffraction data . In the present case dynamical effects and structure residuals are emphasized by the high density of the material and the thickness of the samples-estimated about 200-400 nm for μ-crystals and 150 nm for the FIB cuts Jacob et al. 2013) . Fe 3+ occupies a nicely symmetrical octahedron, while Fe 2+ is hosted inside a trigonal prismatic coordination as suggested by Dubrovinsky et al. (2003) . Results and reliability of structure refinement by (ADT) electron diffraction data for an accurate determination of interatomic distances and partial occupancies have been recently reported and discussed by Birkel et al. (2010) , Pignatelli et al. (2014) , and Jacob et al. (2013) , using either kinematical and dynamical approaches. Here, we stress that in agreement with crystallochemical expectations and with the results of Dubrovinsky et al. (2003) Fe-O distances related to Fe 3+ are significantly shorter compared with the ones related to Fe 2+ (<2.04> Å vs. <2.14> Å). This is not the case for the structure refined by Haavik et al. (2000) , where interatomic Fe 2+ -O distances in the trigonal prismatic coordination vary significantly. Partial occupancies Fe/Cr and Fe/Mg of the Fe sites were refined up to values close to the ones estimated by WDS. While the former converged to similar values for both the refinements, the latter showed a large deviation.
Identification of the β-phase. Detailed analyses of the ADT data sets of MA-367 revealed that the β-phase is most likely isostructural with goethite FeOOH (Yang et al. 2006) , which is also confirmed by a preliminary structure solution based on the ADT data. It has a primitive orthorhombic cell with parameters a = 4.6(1) Å, b = 9.5(2) Å, c = 3.00(6) Å. Extinctions are consistent with space group Pbnm. When α-phase and β-phase are present together they always have orientation relations with a(α)//b(β), b(α)//a(β), and c(α)//c(β) (Figs. 3c and 3d) . The main feature for distinguishing the two phases is the different length of the cell parameter c.
The unknown reflections observed in the X-ray diffraction pattern of MA-367 can be explained as reflections of h-magnetite with the cell parameters determined based on our ADT analysis.
High-resolution TEM confirmed that the Fe-oxide phase produced in run MA-367 is h-magnetite quenched to ambient conditions. It also confirmed the presence of a second phase, which we did not further investigated with high-resolution TEM. We measured the reciprocal lattice vectors in the TEM diffraction pattern and calculated the respective d-spacings and angles between adjacent vectors or lattice plane. The analyses were performed with selected-area electron diffraction (SAED) patterns in different orientations (zone axes). The diffraction images are shown in Figure 4a and can be indexed as h-Fe 3 O 4 along the [211] zone axis. The basis for the indexing was the set of lattice parameters and structure obtained from the ADT analyses for magnetite. With the high-resolution TEM we only confirm the presence of magetite we cannot prove the space group. Table 5 shows the observed d-spacings and corresponding angles between vectors for both samples. In our TEM analyses both in Mainz and at the GFZ we systematically supplemented electron diffraction with energy-dispersive X-ray spectroscopy (EDX) performed in the same locations of the foils. All the EDX measurements always yielded the same proportions of Cr, Mg, Al, and Si and there was no clear difference between the composition of the α-phase and β-phase. In addition, we measured EEL spectra of the Fe L 2,3 -edges of h-magnetite of run MA-367 and compare them to the spectrum of a synthetic majorite by Lenz et al. (2012) (Fig. 5) . The spectrum of the iron oxide does not show the characteristic L 3 splitting that is present for majoritic garnet (Fig. 5) . In addition the maxima of the L 3 and L 2 edges are shifted to lower energy compared to cubic magnetite, e.g., the maximum of the L 3 of magnetite lies at 709 eV (Van Aken and Liebscher 2002). Applying the calibration by Van Aken and Liebscher (2002) the averaged Fe 3+ /Fe total ratio for both phases was approximately 25% (eight analyses), which is, in the case of majorite, in the range expected from other experiments (Stagno et al. 2013 ), but much too low for h-magnetite (Table 1) . Crocombette et al. (1995) , Van Aken and Liebscher (2002) , and Gloter et al. (2003) observed for magnetite an unsplitted broad but asymmetric L 3 peak at about 709 eV. They attribute this feature to strong charge-transfer interactions between ferrous and ferric iron (electron hopping). Thus, the calibration of Van Aken and Liebscher (2002) cannot be used to quantify the Fe 3+ content in the oxides of our run products.
MA-376. Sample MA-376 consists of about 95% Fe-oxide phase. In this sample the Fe-oxide phase presents defect density, deformation features, and region characterized by poor crystallinity. In addition, in spite of our efforts to isolate it from atmospheric moisture, the oxide phase appears to suffer Second column = value of the maxima recognized in the potential map (the 1 st ghost height is reported for comparison); fourth to sixth columns = fractional coordinates of the solution proposed ab initio; seventh to ninth columns = fractional coordinates refined by least squares; tenth column = partial occupancy Fe:Cr and Fe:Mg; eleventh column = isotropic thermal factor U. Solution and refinement from "Crystal 1" data.
progressive weathering. We collected X-ray diffraction pattern on several opaque aggregates of MA-376 with the Rigaku diffractometer at the GFZ. The diffraction patterns (from integration of the single images) were dominated by two peaks at 2Θ Cu 32.7° and 34.3°. However, the intensity ratios of the two peaks vary very strongly from image to image, which may indicate a strong texture effect. To get information on the whole sample we ground several aggregates and prepared them properly for the STOE transmission diffractometer. The X-ray diffractogram and the results of a LeBail refinement are shown in Figure 6 . The X-ray pattern of the Fe-oxide phase in MA-376 can be explained with h-magnetite with slightly different lattice constant of a = 9.99, b = 9.58, and c = 2.83 Å. We did not observe reflections of goethite. This is likely due to the relative small volumetric amount of β-phase. Additionally, β-phase crystallizes in tiny nano-crystals and its cell parameters are related with cell parameters of h-magnetite. The resultant peak enlargement and overlap make β-phase signal almost completely hidden by the stronger h-magnetite signal. The final R Bragg value was 1.7%. A list of the intensity extraction (hkl) is shown in Supplemental Table 1 1 . Finally we investigated the sample with ADT and HR-TEM. Both methods confirm the presence of h-magnetite but also indicate that the sample has a high defect density and cannot be used for structure determination. The diffraction image of the Fe-oxide from the foil of run MA-376 measured with HR-TEM is shown in Figure 4b and can be indexed as h-Fe 3 O 4 viewed along the [001] zone axis. The ADT data sets revealed again the presence of goethite in larger amounts than in MA-367 and the same oriented intergrowth with h-magnetite.
FTIR-spectroscopy
The total amount of hydrogen incorporated in majorite of run MA-380 has been quantified as about 500 ppm H 2 O by weight by comparing the IR spectra with spectra of a synthetic majorite (Lenz et al. 2012) containing 2200 ppm H 2 O by weight (Fig. 7) .
DiScuSSion
TEM analyses show that the Fe-oxide in our high-pressure run products crystallized in the structure of h-Fe 3 O 4 and are quenchable to ambient conditions and stable under the experimental condition of most of the measurements (X-ray, electron beam). Microprobe analyses are consistent with about 62% of the Fe total incorporated as Fe 3+ . Electron microprobe (WDS) along with analytical TEM analyses reveals that the Fe-oxide incorporated significant amounts of Cr, Mg, Al, and Si. We assigned the divalent cations to the larger Fe1 site and the three-and four-valent cations to the smaller octahedral site Fe2 (Dubrovinsky et al. 2003) . This is also supported by ADT analyses. Hence we propose the following structural formula for the high-pressure Fe-oxide synthesized here: In MA-367, the Fe-oxide forms hypidiomorphic elongated aggregates 10-30 μm long, mutually intergrown with majorite, the major phase of the run products. The texture of our "synthetic rock" composed of majorite, stishovite, h-Fe3O 4 , and magnesite ( Fig. 1) , and the uniform chemical compositions of the phases are based on the structural proposal and the lattice parameter (Å) derived in this study: a = 9.8, b = 9.6, c = 2.87 for MA-367 and a = 9.9, b = 9.58, c = 2.83 for MA-376. suggest that they have attained equilibrium. It is difficult to estimate the redox conditions in terms of f O2 during the experiment. But at least the presence of magnesite gives us a minimum value: according to Stagno et al. (2011) at 18 GPa and T between 1500 and 1700 °C an f O2 of at least 3 log units above IW is required to prevent the reduction of magnesite to diamond and MgO. Thus, we estimate that the f O2 in the experimental charge was near the magnetite-wüstite buffer (that is 3-4 log units above IW). It is clear that the coexisting majorite must also incorporate Fe 3+ to some extent; however, for simplicity, the Fe pfu for the majorite phases of this study were calculated assuming ferrous iron only. As shown in Figure 6 for a majorite of similar composition and synthesized in the experiment MA-337 under similar conditions (Lenz et al. 2012 ), 25% of the total Fe can be assumed to be Fe 3+ . The same holds true for MA-380, in which we succeeded in crystallizing large crystals by T-cycling in the first heating phases.
In MA-376 the h-magnetite is more Fe-rich than in MA-367. It has no magnesium incorporated in the Fe1 site. The oxide phase tends to decompose with time, maybe due to its Fe-richer composition. However, the transformation is not abrupt as known for the pure Fe-end-member. One and a half years after the synthesis we could still prove its presence. Compared to MA-367, the products of run MA-376 include the end-member wadsleyite, which stores all the Mg present in the starting material. As h-magnetite in run MA-367 did incorporate Mg and did coexist with Fe,Mg-silicates we tend to interpret this observation as non-equilibrium.
The presence of small amounts of goethite was only observed in the ADT data sets neither in our X-ray diffraction data nor EMP analyses. From the oriented intergrowth with h-magnetite it is clear that there is a secondary phase, which was formed most likely during quenching. Although we did not add pure water to the sample the powder contained adsorbed water as proven by the OH incorporation in the majorite crystals.
iMplicationS
We report the synthesis of h-magnetite, ideally h-Fe 3 O 4 with considerable amounts of substitutional cations (Cr, Mg, Al, Si) and quenchable to ambient conditions. The substitution of Fe by smaller cations may stabilize the high-pressure form during quenching. If this is true, then similar substitution mechanisms can be applied to other non-quenchable high-pressure phases to recover them for better crystal chemical and structural characterization.
Our experiments suggest that h-magnetite is a potential constituent of the Earth's mantle. It can incorporate large amounts of Cr, Mg, Al, and Si and the most of its iron is Fe 3+ . The preservation of mantle heterogeneity as relicts of materials (most likely related to ancient subduction) that are not thermally and/ or chemically equilibrated with the ambient mantle is suggested by seismic observations, and is consistent with mineral physics results, even in the deep mantle (Mosenfelder et al. 2001; Kaneshima et al. 2007; Bina 2010; Vinnik et al. 2010) . Heterogeneities and anomalies observed at the transition zone level can be connected to fragments of ancient subducted lithosphere not yet thermally equilibrated where Fe-enriched, oxidized lithospheric material could be intermixed with remnants of carbonatic sediments (Nolet and Zielhuis 1994; Courtier and Revenaugh 2007) . In such environments, before complete equilibration, local redox conditions may be more oxidized than that of the ambient mantle. Our syntheses performed at transition-zone pressures show that h-magnetite is stabilized in equilibrium with Fe-rich majoritic garnet at f O2 close to the magnetite-wüstite buffer (i.e., 3-4 log units above IW) in a simplified system comparable to a Fe-enriched subducted lithospheric material. We observe that Cr is strongly enriched in the oxide phase with respect to the coexisting majoritic garnet with a partitioning coefficient Figure 6 . Observed, calculated (LeBail Fit) and difference X-ray powder pattern of the run product MA-376 using the structural data of h-Fe 3 O 4 (h-mgt) and stishovite (sti). Data were collected in transmission using a STOE STADI P diffractometer (CuKa 1 radiation). Convergence was achieved with R Bragg in % = 1.7. (Color online.) Lenz et al. (2012) . The starting material of this run has a similar bulk composition but water in excess (run conditions 18 GPa, 1500 °C, 3 h). All spectra show the typical OH bands around 3100 and 3600 cm -1 . Spectra b and d (aggregates) show in addition a broad OH band around 3400 cm -1 resulting from vibrations of molecular water, most probably located on the grain boundaries of the majorite aggregates. Compared to the majorite phase c of MA-337 that contained 2200 ppm H 2 O by weight, majorite crystals of run MA-380 (a) contain about 500 wt ppm H 2 O. In the multi-phase aggregate of MA-380 no additional absorption feature than those of OH in majorite can be observed. The thickness of the crystals was each 100 mm. (Color online.) D Cr oxide/majorite of about 2.6. Our experimental results suggest that h-Fe 3 O 4 can be considered as deep mantle mineral (at least in special environments). Its formation may have consequences on the chemical signature of coexisting silicates. Where h-Fe 3 O 4 forms in the presence of residual carbonates, such strong fractionation could be recorded in terms of the chemical signature of silicate inclusions in deep diamonds associated with deep mantle carbonatitic melt production (Rohrbach and Schmidt 2011; Stagno et al. 2013) .
This work demonstrates the advantage of electron diffraction, and particularly of the ADT method, for the structural analysis of phases that occur only as nano-sized crystals in polyphasic assemblages, even when a limited amount of material is available. ADT method also allows to recover geometrical information at the nano-scale, like the reciprocal orientation of goethite and h-Fe 3 O 4 intergrowth in the Fe-oxide grains.
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